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Introduction {#s0001}
============

Esophageal squamous cell carcinoma (ESCC) is the most popular pathological type of esophageal cancer. Mechanisms underlying ESCC development and progression are still unclear, and there\'s no early detection method with high sensitivity and specificity. Therefore, the 5-year survival rate of ESCC is no more than 10%. N-myc downregulated-gene 1 (*NDRG1*) is a member of the NDRG family, which consists of 4 members in mammals, *NDRG1, NDRG2, NDRG3* and *NDRG4*.[@cit0001] The *NDRG1* gene is approximately 60 kb in length and is located on chromosome 8q24.3. Its protein is composed of 394 amino acids and is highly conserved, with a molecular weight of 43 kDa.[@cit0002] The NDRG1 protein consists of an α/β hydrolase group enzyme, but it lacks a hydrolytic catalytic site and thus is deficient in enzymatic function. The C-terminus of NDRG1 encodes 3 tandem repeats that are involved in binding heavy metal ions.[@cit0004] The N terminus of NDRG1 includes 2 myc boxes, which are called MBI and MBII. Both myc boxes are pivotal for the protein\'s function, which is implicated in many processes in cell biology, such as cell differentiation, stress, hormone response, and cell growth.[@cit0005]

NDRG1 has been shown to be a predominantly cytoplasmic protein, but its subcellular localization was predicted to include the cytoskeleton, microtubule organizing center, centrosome, nucleus and cell membrane, according to the UniProtKB/Swiss-Prot data for the NDRG1 gene (<http://www.genecards.org/>). NDRG1 cellular localization is dependent on and specific to the cell type. Although the amino acid sequence of the NDRG1 protein does not contain a predicted nuclear localization signal, NDRG1 appears to localize to the nucleus in some cell types.[@cit0006] The expression of NDRG1 can be strongly induced by several stress stimuli, such as reducing agents, tunicamycin, Ni^2+^ compounds, calcium, and hypoxia.[@cit0008] Various stimuli associated with carcinogenesis, including DNA damage, methylation and histone deacetylation-targeting drugs, oncogenes and tumor suppressor genes, alter the expression of NDRG1.[@cit0003] NDRG1 expression during tumor progression is highly controversial, although it has been evaluated by immunohistochemical analysis in clinical cancer samples. Previous reports demonstrated that NDRG1 mRNA and protein levels were decreased in several malignancies, including gastric cancer, neuroblastoma, and colorectal cancer, compared with those in the corresponding normal tissues.[@cit0012] NDRG1 was found to be a metastasis suppressor gene with potential roles in several functions, such as cell differentiation, cell cycle regulation and responses to hormones and stress.[@cit0005] However, it was also reported that NDRG1 is upregulated in cervical adenocarcinoma, breast cancer, oral and oropharyngeal squamous cell carcinoma, and liver cancer.[@cit0007] High NDRG1 expression is associated with angiogenesis and is a poor prognostic indicator because it is an oncogene.[@cit0020]

Previous results demonstrated that in ESCC specimens, NDRG1 mRNA expression was significantly reduced in tumors with more advanced pathology and local tumor invasion.[@cit0022] Recently, mounting evidence has shown that the increased expression of NDRG1 protein is correlated with the malignant status of some cancers, including prostate cancer, lung cancer, and breast cancer, and it may therefore be a prognostic marker.[@cit0007] There is no obvious correlation between protein and mRNA levels according to western blot assays and real-time RT-PCR, respectively, in esophageal cancer.[@cit0025] It has also been reported that the ectopic overexpression of NDRG1 is highly associated with markers of metastasis, angiogenesis, apoptotic evasion, and enhanced NF-κB activity, suggesting that NDRG1 may play important roles in the progression of ESCC.[@cit0001] Ureshino *et al.* demonstrated that higher expression of NDRG1 is closely correlated with poor prognosis in gastric cancer patients and promotes the metastasis of gastric cancer via the epithelial-mesenchymal transition (EMT).[@cit0026] However, its function in malignant tumors is not fully clear. Previous data have shown that the overexpression of NDRG1 regulates NF-κB activation, which suggests it may also promote tumor progress and metastasis. To further investigate the role of NDRG1 in esophageal cancer, we explored the expression of NDRG1 in patients with ESCC and examined the mechanisms of NDRG1 ectopic overexpression and the relationship between NDRG1 and the Wnt signaling pathway in esophageal cancer.

Materials and methods {#s0002}
=====================

Cell culture and transfections {#s0002-0001}
------------------------------

The esophageal cancer cell lines KYSE 30, KYSE 140, KYSE 150, KYSE 170, KYSE 180, KYSE 410 and KYSE 510 were obtained from Dr. Yutaka Shimada at Hyogo College of Medicine.[@cit0027] ~EC~ 0156 was described previously.[@cit0028] HEK293 cells were purchased from the Peking Union Medical College Cell Resource Center. All cell lines were grown in RPMI 1640 medium and supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin at 37°C in 5% CO~2~.

For NDRG1 overexpression, the KYSE 30 cells were transfected with the pCMV6-entry-*NDRG1* or pCMV6 empty vector (Origen, Rockville MD) by Lipofectamine 2000 (Invitrogen, USA).[@cit0029] And the infection of KYSE 30 cells with NDRG1 RNAi-pLVTHM (shNDRG1) vector was used to stably knockdown the expression of NDRG1, in which pLVTHM bicistroniclentiviral vectors were purchased from Addgene ([www.addgene.org](http://www.addgene.org)). Within the pLVTHM vector, an additional H1 RNA polymerase III promoter permits the expression of a short hairpin RNA (shRNA) of *NDRG1* for RNA interference (RNAi). The sense sequences for NDRG1 RNAi and scrambled control were 5′-GGA GTC CTT CAA CGA TTT G-3′ and 5′-GGG TCT TAG AAC TAG TTC C-3′ respectively.[@cit0001] HEK293 cells were transiently transfected with pCMV6-entry-*NDRG1*, pCMV6-entry-*TLE2*, and pCMV6 empty vectors using the Lipofectamine 2000 reagent according to the manufacturer\'s protocol. All constructs were confirmed by sequencing.

The following abbreviations are used throughout the paper: KYSE 30-NDRG1, a selected KYSE 30 clone that exogenously overexpresses NDRG1 via the pCMV6-entry vector, and KYS E30-Ctrl, KYSE 30 cells transfected with empty vector; KYSE 30-shNDRG1, a selected KYSE 30 clone with reduced NDRG1 expression compared with its scrambled control cells (KYSE 30-vec) generated by lentiviral transduction.

Sample collection and IHC staining {#s0002-0002}
----------------------------------

Surgical tissue specimens were collected after obtaining informed consent and all patients were diagnosed by 2 senior pathologists without chemo/radiotherapy before surgical operation. A total of 201 ESCC tumor and paired adjacent non-tumor tissue samples, including 29 fresh and 172 formalinfixed paraffin-embedded tissues, were collected from ESCC patients undergoing resection during the period from July 2006 to December 2008. The ESCC tissue microarrays (TMAs), contained primary tumor and adjacent esophageal epithelia tissues of 78 pairs and 8 tumor only ESCC patients, were purchased from the Outdo Biotechnology (Cat No. XT11-020, Shanghai, China). For immunohistochamical staining, the TMAs were incubated with the NDRG1 antibody or control IgG (1 μg/mL). After washing in PBS, they were incubated with a biotin-labeled secondary antibody. Signals were visualized using an ultrasensitive streptavidin-peroxidase system (Maxim Biotech, Fuzhou, China). After calculating the informative cases, the intensity of NDRG1 staining in individual case was quantified as described previously. A score of 4∼6 was defined as 'weak expression', 7∼9 as "moderate expression," 10∼12 as "strong expression" and a score of 0∼3 as 'negative'.[@cit0030] The study has been approved by the Ethics Committee of Cancer Institute and Hospital, Chinese Academy of Medical Sciences (No. 12--130/664, Beijing, China).

Real-time PCR arrays {#s0002-0003}
--------------------

The Human Cancer Pathway Finder (PAHS-033A, Qiagen), Epithelial Mesenchymal Transition (PAHS-090A, Qiagen), and Wnt Signaling Pathway (PAHS-043A, Qiagen) PCR arrays were used to analyze the mRNA levels of 252 genes related to cell proliferation, apoptosis, the cell cycle, angiogenesis, invasion, metastasis, EMT, and Wnt signaling. The complete list of specific genes in this study is available in Supplementary Table 1, Table 2 and Table 3. Total RNA was isolated from the KYSE 30-NDRG1 and KYSE 30-vec cells using an RNeasy® mini kit (Qiagen, USA). The RNA yield and quality was assessed by UV absorbance and denaturing agarose gel electrophoresis. First-strand complementary synthesis reactions were performed using the SuperScript® III Reverse Transcriptase kit (Invitrogen, USA). The reactions were amplified using SsoFastTM EvaGreen® Supermix with a CFX 96TM real-time system (Chemoscience, USA). The complete list of gene-specific real-time primers used in this study is available in Supplementary Table 4. Data analysis of gene expression was performed using Excel-based PCR Array Data Analysis Software that was provided by the manufacturer (Qiagen, China). GAPDH served as an internal control to normalize the loading of the template cDNA. Each experiment was repeated at least twice, and the fold change in gene expression was assessed using the ΔCt method, according to a previous description.[@cit0031]

Immunoprecipitation and protein gel blot analysis {#s0002-0004}
-------------------------------------------------

NDRG1 immunoprecipitation was performed according to a previously described protocol.[@cit0032] Briefly, cells cultured in 10-cm dishes were lysed for 30 min on ice in lysis buffer containing 1% (w/v) Triton X-100, 0.15 M NaCl, 30 mM Tris-HCl (pH 7.5) and protease inhibitors (Roche, Germany). The lysates were sonicated and centrifuged at 10,000 g for 15 min at 4°C. A 1-mg sample of extracted protein in lysis buffer was incubated overnight with 5 μg of rabbit anti-NDRG1 antibody, which was followed by incubation with 20 μl of Dynabeads® Protein G (Invitrogen, USA) for 2 h at 4°C and 3 washes with lysis buffer. The beads were directly boiled in 1% SDS loading buffer for 5 min. Subcellular fractions, including nuclear and cytosolic fractions, were prepared using the proteoExtract sub-cellular proteome extraction kit (Calbiochem, USA) according to the manufacturer\'s instructions. The subcellular extraction of adherent tissue culture cells was performed as follows. Prior to extraction, the buffers were mixed well by vortexing. During the extraction procedure, the I-III and Benzonase® buffers were kept on ice, and Buffer IV and the Protease Inhibitor Cocktail were kept at room temperature. The different cellular fractions were extracted using the proteoExtract sub-cellular proteome extraction kit (Calbiochem, USA) according to the manufacturer\'s instructions.

Western blot analysis was performed as described previously [@cit0028] using the following antibodies: anti-NDRG1 and anti-Snail antibodies were purchased from Abcam Inc. (Abcam, MA, USA); anti-β-catenin from Santa Cruz Biotechnology (Santa Cruz, CA); anti-TLE2 from Bioworld (Bioworld, USA); anti-E-cadherin from Becton Dickinson and Company (BD, USA); and anti-β-actin from Sigma (Sigma, USA).

Immunofluorescent staining {#s0002-0005}
--------------------------

KYSE 30-NDRG1 and KYSE 30-Ctrl cells were grown on glass coverslips and fixed in 4% paraformaldehyde for 30 min, rinsed 3 times with PBS, permeabilized with 0.1% Triton X-100, and blocked for 30 min with PBS containing 2% BSA. The cells on the coverslips were incubated for 1 h at room temperature with the indicated primary antibodies and then incubated at room temperature for 30 min with the appropriate fluorescent secondary antibodies. Fluorescence images were captured with a Nikon ECLIPSE 80i microscope.[@cit0033]

In vivo xenograft assay and animal ethics statement {#s0002-0006}
---------------------------------------------------

Animal experiments were conducted as previously described.[@cit0028] Briefly, 5 × 10^6^ KYSE 30-NDRG1 or KYSE 30- Ctrl cells were suspended in 100 µl of PBS and injected subcutaneously into the right flanks of female nude mice (n = 3). To monitor the tumor growth, the tumor size was measured every 2--3 d using digital callipers. The tumor volume was calculated using the formula 0.5 × a × b^2^, where a is the length of the tumor, and b is the width. For immunohistochemical (IHC) staining, sections of paraffin-embedded xenograft tumor tissue were used for IHC as we have previously described.[@cit0028] Briefly, sections were incubated with a primary antibody for NDRG1, Ki67, TLE2, MMP2, E-cadherin or β-catenin. After a PBS wash, they were incubated with a biotin-labeled secondary antibody. Signals were visualized using an ultrasensitive streptavidin-peroxidase system (Maxim Biotech, Fuzhou, China). All experimental procedures for the use of animals were previously reviewed and approved by the Animal Care and Use Committee of Cancer Institute and Hospital, Chinese Academy of Medical Sciences (Nos. NCC2013A012 and NCC2015A021, Beijing, China). All surgeries were performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Statistical analysis {#s0002-0007}
--------------------

Values are reported as the mean ± SD, and statistical significance was assessed with Student\'s t tests using Prism (v. 5, GraphPad). The relationship between the expression of NDRG1 protein and clinicopathologic characteristics was assessed by χ^2^ test. The xenograft tumor volume was compared between the KYSE 30-NDRG1 and KYSE-vec control groups by Student\'s *t* tests in the mouse xenograft assay. A *P* value of less than 0.05 was considered statistically significant.

Ethics statement {#s0002-0008}
----------------

Surgical tissue specimens were collected after obtaining informed consent and approval from the Institutional Review Board of the Cancer Institute and Hospital of Chinese Academy of Medical Sciences (Beijing, China). All participants provided their written informed consent to participate in this study. The animal experiments protocol were passed the Animal Experimental Ethical Inspection of the Animal Care & Welfare Committee of Cancer Institute and Hospital, Chinese Academy of Medical Sciences & Peking Union Medical College (Beijing, China).

Results {#s0003}
=======

NDRG1 overexpression in ESCC tumor tissues was associated with poor overall survival of esophageal cancer patients {#s0003-0001}
------------------------------------------------------------------------------------------------------------------

To assess the levels of NDRG1 expression in ESCC and adjacent normal tissues, we analyzed NDRG1 expression in TMAs of ESCC using IHC staining. Of the 86 ESCC cases with 78 paired adjacent tissues were analyzed, 86 tumor and 77 adjacent tissues were informative. In the tumor tissues, 18 (20.9%) had weak, 29 (33.7%) had moderate and 32 (37.2%) had strong staining of NDRG1, while 7 (8.1%) cases had negative expression. In contrast, the proportions of weak, moderate, strong and negative staining of NDRG1 in adjacent non-tumor tissues were 66.2% (51/77), 6.5% (5/77), 1.3% (1/77) and 26.0% (20/77), respectively. The upregulation of NDRG1 in ESCC tumor tissues compared with the levels in normal tissues was statistically significant (chi-square test, *P* \< 0.001). NDRG1 protein was detected in the cytoplasm of ESCC and normal cells, with a definitive pattern in most tissues ([Fig. 1A](#f0001){ref-type="fig"}). We further analyzed the correlation between NDRG1 expression and patient survival. As shown in [Fig. 1B](#f0001){ref-type="fig"}, the estimated overall median survival time was 12 months (95% CI, 9--15) in the strongly expressing NDRG1 (strong) group and 47 months (95% CI, 29--65) in the weakly expressing NDRG1 (weak) group. The Kaplan-Meier analysis indicated that patients from the NDRG1-strong subset had significantly shorter overall median survival times than those in the NDRG1-week subset (*P* \< 0.001). However, NDRG1 positivity did not have a significant association with other clinic pathological factors, including gender, age, pathological grade, tumor diameter, tumor position, lymphatic metastasis and AJCC stage ([Table 1](#t0001){ref-type="table"}). Figure 1.NDRG1 overexpression was correlated with poor overall survival in esophageal cancer. (A) Expression of NDRG1 was analyzed by immunohistochemical analysis in TMAs containing 78 ESCC tumor and adjacent normal epithelial tissues, with duplicate cores used for each case. The majority of tumor areas strongly express NDRG1 in the cytoplasm. Magnification, 200×. (B) Kaplan-Meier curve combined with Log-rank analysis for patients with ESCC showing weak and strong NDRG1 expression. (C) NDRG1 expression in a subset of ESCC (T) and matched non-neoplastic surgical tissues (N) was analyzed by Western blot analysis. (D) Whole cell protein extracts from 9 esophageal cancer cell lines were subjected to protein gel blot analysis using antibodies against NDRG1. Quantitative values of relative NDRG1 levels were normalized to β-actin (mean ± SD). Table 1.Correlation between NDRG1 expression and clinical parameters.  NDRG1 VariableTotal (n=86)Negative (%)Positive (%)***P*** value**Gender**     Male644 (57.1)60 (75.9)0.365 Female223 (42.9)19 (24.1) **Age**     ≤65463 (42.9)43 (54.4)0.700 \>65404 (57.1)36 (45.6) **Pathological grad**     I, I-II284 (57.1)24 (41.8)0.440 II, II-III, III583 (42.9)55 (58.2) **Tumor diameter**     ≤4 .5 cm445 (71.4)39 (41.5)0.235 \>4.5 cm402 (28.6)38 (58.5) **Position**     Up and middle313 (60.0)28 (60.9)1.000 Low202 (40.0)18 (39.1) **Lymphatic metastasis**     Negative505(83.3)45 (58.4)0.395 Positive331(16.7)32 (41.6) **AJCC stage**     1B, 2504 (66.7)46 (59.0)1.000 3A, 3B, 4302 (33.3)28 (41.0) **Tissue**     Normal7720 (74.1)57 (47.2)0.002 Cancer867 (25.9)79 (52.8) 

To assess the expression of NDRG1, 5 ESCC cases with paired adjacent tissues and a panel of 9 additional ESCC cell lines were evaluated via western blot assay ([Fig. 1C and 1D](#f0001){ref-type="fig"}). The data showed that the adjacent tissues expressed low levels of NDRG1, whereas tumor tissue expressed much higher levels of NDRG1 protein, indicating that the level of NDRG1 protein expression was much stronger in ESCC than in paired adjacent tissues. The expression level of NDRG1 varied across the 9 cell lines, with KYSE 410, KYSE 510, and ~EC~ 0156 showing relatively high expression of NDRG1 and KYSKE 30, KYSE 140, KYSE 170, KYSE 180 and WHCO1 showing relatively low expression levels of NDRG1. Based on the cell panel data, the cell line KYSE 30 was chosen for further investigation of the effects of overexpressing NDRG1. Overall, these data further supported the idea that an increase in NDRG1 expression is a poor prognostic indicator in ESCC patients.

NDRG1 overexpression induces EMT in esophageal cancer cells {#s0003-0002}
-----------------------------------------------------------

Our previous data showed that NDRG1 is a pro-oncogenic gene but that it performs a dispensable role in ESCC as a modulator of metastasis.[@cit0001] NDRG1 overexpression significantly enhanced motility in wound-healing assays in KYSE 30 cells and also elevated MMP2 activity, a surrogate marker of metastasis.[@cit0001] To functionally validate the role of NDRG1 in esophageal cancer, pCMV-NDRG1 transfection was performed in the KYS E30 esophageal cancer cell line. The expression of NDRG1 protein was analyzed in KYSE 30 cells with pCMV-NDRG1 (KYSE 30-NDRG1) by protein gel blot assay and was found to be significantly higher than in control cells (KYSE 30-Ctrl) ([Fig. 2A](#f0002){ref-type="fig"}). Interestingly, NDRG1 overexpression induced a change in KYSE 30 cells from an epithelial morphology to a spindle-like mesenchymal morphology ([Fig. 2B](#f0002){ref-type="fig"}). Consistent with the phenotypic changes associated with NDRG1 overexpression, we also observed an increase in the expression of mesenchymal markers, including N-cadherin, Snail and MMP1, but we did not observe decreased expression of the epithelial marker E-cadherin at the protein level ([Fig. 2C](#f0002){ref-type="fig"}). To provide new insights into the mechanisms by which NDRG1 might modulate metastasis, we performed an analysis of gene expression profiles in KYSE 30 cells overexpressing NDRG1 (KYS E30- NDRG1) versus mock cells (KYSE 30-Ctrl), focusing on genes in the angiogenesis, metastasis, adhesion, cycle and Wnt pathways using low-density real-time PCR arrays. The expression of 22 genes associated with angiogenesis, metastasis, adhesion, cycle and Wnt pathways, including *ANGPT1, TGFB1, MMP1, MMP2, PLAUR, SERPINB5, MTSS1, SYK, CDC25A, MYC, CDH2, MSN, VIM, WNT5A, CDH1, FGFBP1, KRT19, MITF, NUDT13, OCLN, SPP1*, and *TSPAN13*, were altered in response to NDRG1 overexpression. As shown in, [Fig. 2D and 2E](#f0002){ref-type="fig"} the expression levels of the angiogenesis-related genes *ANGPT1* and *TGFB1*, invasion and metastasis-related genes *MMP1, MMP2, PLAUR* and *SERPINB5*, adhesion-related genes *MTSS1* and *SYK*, cell cycle-related gene *CDC25A*, and oncogenic transcription factor *MYC* were significantly enhanced after NDRG1 overexpression. In contrast, the genes *CDH1, FGFBP1, KRT19, MITF, NUDT13, OCLN, SPP1*, and *TSPAN13* were decreased. Thus, NDRG1 overexpression resulted in the induction of EMT in KYSE 30 cells. Quantitative RT-PCR analysis of *MMP1, MTSS1* and *CDH2* mRNA levels was validated additionally in KYSE 30-NDRG1 and mock cells (KYSE 30-Ctrl, [Fig. 2F](#f0002){ref-type="fig"}). Figure 2.NDRG1 overexpression induces the epithelial mesenchymal transition in esophageal cancer cells. (A) The effect of NDRG1 exogenous expression was analyzed by western blot analysis. Quantitative values of relative NDRG1 levels were normalized to β-actin (mean ± SD). (B) The morphological changes of esophageal cancer cells overexpressed NDRG1. Image at 200x, 20 µm. (C) Whole cell protein extracts from KYSE 30-NDRG1 and KYSE 30-Ctrl cells were subjected to protein gel blot analysis using antibodies against NDRG1, E-cadherin, N-cadherin, Snail and MMP1. Quantitative values of relative protein levels were normalized to actin (mean ± SD). ((D)& E), Relative expression levels of genes associated with angiogenesis, metastasis, adhesion, the cell cycle and the Wnt pathway in KYSE 30 cells overexpressed NDRG1 (KYSE 30-NDRG1) compared with those of mock cells (KYS E30-Ctrl); results are based on analysis in real-time PCR arrays. (F) The mRNA levels of *MMP1, MTSS1* and *CDH2* were validated in both KYSE 30-NDRG1 and KYSE 30-Ctrl cells by RT-PCR. KYSE 30-NDRG1, NDRG1 overexpression KYSE 30 cells; KYSE 30-Ctrl, KYSE 30 cells transfected with vector control.

NDRG1 impacts the Wnt pathway via TLE2 and β-catenin in esophageal cancer cells {#s0003-0003}
-------------------------------------------------------------------------------

A key event following Wnt pathway activation is the molecular switch from transcriptional repression of TLE to the activation of TCF/Lef.[@cit0034] Through quantitative gene expression analysis of key genes involved in metastasis, we found that Wnt pathway-associated genes, including *Frizzled Class Receptor 8* (*FZD8*)*, Transducin-Like Enhancer of Split 2* (*TLE2*)*, Lymphoid Enhancer-Binding Factor 1* (*LEF1*) and *Wingless-Type MMTV Integration Site Family, Member 3A* (*WNT3A*), were changed; TLE2 expression was significantly decreased and other genes were greatly increased in NDRG1 overexpressing cells (KYSE 30-NDRG1) ([Fig. 3A](#f0003){ref-type="fig"}). The mRNA levels of Wnt pathway-associated genes in NDRG1 knock-down cells (KYSE 30-shNDRG1, shNDRG1) were assessed by quantitative RT-PCR and compared with mock cells (KYSE 30-vec, vec)([Fig. 3B](#f0003){ref-type="fig"}). To identify functional links between NDRG1 and TLE2, we examined the effects of NDRG1 overexpression and knock-down on TLE expression. As shown in [Fig. 3C and 3D](#f0003){ref-type="fig"}, NDRG1 overexpression suppressed TLE2 expression at both the transcript and protein levels. Inversely, NDRG1 knock-down induced TLE2 upregulation at the transcript level in KYSE 30 cells. To further confirm that TLE expression is regulated by NDRG1, we assessed the co-localization of NDRG1 and TLE2 using immunofluorescence and western blot analysis following NDRG1 ectopic expression. As shown in [Fig. 3E](#f0003){ref-type="fig"}, we observed that NDRG1 overexpression slightly increased the nuclear localization of NDRG1 and TLE2 compared with that of the control group. Total cytosolic and nuclear fractions were isolated and tested for the expression of NDRG1, TLE2 and β-catenin by protein gel blot analysis. Significant accumulation of β-catenin and NDRG1 and a decrease in TLE protein levels were observed in the nuclear fractions of KYSE 30 cells (KYSE 30-NDRG1), indicating that NDRG1 regulates TLE2 transcript and protein expression ([Fig. 3F](#f0003){ref-type="fig"}). Figure 3.NDRG1 impacts the Wnt pathway via TLE2 and β-catenin in esophageal cancer cells. (A) Relative gene expression levels of *FZD8, TLE2, LEF*, and *WNT3A* were analyzed in KYSE 30 cells overexpressed NDRG1 (KYSE 30-NDRG1) compared with those in mock cells (KYSE 30-Ctrl) using real-time PCR arrays. (B) mRNA levels of Wnt pathway-associated genes in NDRG1 knock-down cells (KYSE 30-shNDRG1, shNDRG1) were assessed by quantitative RT-PCR and compared with mock cells (KYSE 30-vec, vec). (C) Protein levels of NDRG1, TLE2 and β-catenin from KYSE 30-NDRG1 and KYSE 30-Ctrl cells were measured by Western blot. (D) Quantitative RT-PCR results validated the mRNA levels of the *TLE2* in KYSE 30-NDRG1 and NDRG1 knock-down (KYSE 30-shNDRG1) cells. (E) The colocalization of NDRG1 and TLE2 was analyzed by confocal microscopy in KYSE 30-NDRG1 and KYSE 30-Ctrl cells. TLE2 was mainly localized in the nuclei, while NDRG1 was expressed in both the nuclei and cytoplasma. NDRG1 and TLE2 colocalized in the nuclei.Green fluorescence, TLE2; red fluorescence, NDRG1; blue fluorescence, nuclei stained with DAPI. Scale bar, 10 μm. (F) Cytosolic and nuclear proteins were isolated from KYSE 30-NDRG1 and KYSE 30-Ctrl cells, and NDRG1, β-catenin and TLE2 expression was analyzed by western blot. Lamin B, nuclear marker; β-actin, cytoplasmic marker.

To determine whether NDRG1 overexpression or knock-down impacts TLE2 protein expression, we used western blot analysis to assess TLE2 expression. As shown in [Fig. 4A](#f0004){ref-type="fig"}, NDRG1 overexpression and knock-down altered TLE2 expression at the protein level in KYSE 30 cells. Because the overexpression of NDRG1 in KYSE 30 cells leads to transcriptional changes in several markers that are involved in EMT and because NDRG1 is primarily located in the cytoplasm and nucleus in KYSE 30 cells, we sought to determine whether NDRG1 interacts with TLE2 and β-catenin, which are upstream of EMT markers. To test this, anti-NDRG1 was used to immunoprecipitate endogenous NDRG1; we found that the TLE2 and β-catenin complex formed only in NDRG1-overexpressing KYSE 30 cells (KYSE30-NDRG1, [Fig. 4B](#f0004){ref-type="fig"}). It has been previously shown that Wnt signal activation is initiated through an interaction with Wnt growth factors and is transduced inside the cell by the protein β-catenin.[@cit0034] To verify the subcellular localization of β-catenin and TLE, we analyzed the subcellular fractions of NDRG1-overexpressing and control KYSE 30 cells, including the cytosolic fraction and nuclear fractions. As shown in [Fig. 3F](#f0003){ref-type="fig"}, we found that β-catenin was enriched in both the cytosolic and nuclear fractions; in contrast, the inverse was found for TLE2, which was greatly decreased in the nuclear fraction after NDRG1 overexpression compared with the control group. To further confirm the epithelial and mesenchymal phenotypes, EMT-associated transcription factors, including *Snail, Twist1, ZEB1*, and *FOXC2*, were assessed by real-time PCR analysis. We showed that NDRG1 overexpression increased the levels of EMT-associated transcription factors ([Fig. 4D](#f0004){ref-type="fig"}). To confirm the role of NDRG1 in this process, 293T cells were transfected with pCMV-NDRG1. The expression of NDRG1 mRNA in these cells was significantly higher than that in control cells; conversely, TLE2 mRNA levels were decreased ([Fig. 4C](#f0004){ref-type="fig"}). EMT-associated transcription factors, including Snail, Twist1, ZEB1, and FOXC2, were upregulated in 293T cells that overexpressed NDRG1. These factors were relatively decreased in 293T cells that overexpressed TLE2 ([Fig. 4E](#f0004){ref-type="fig"}). Together, these data indicate that NDRG1 overexpression promotes the activation of the Wnt signaling pathway, through increased β-catenin and decreased TLE2. Figure 4.Alteration of NDRG1 expression affected TLE2 and EMT associated genes. (A) Comparison of protein expression levels of NDRG1 and TLE2 by protein gel blot analysis of total cell lysates in KYSE 30 overexpression (KYSE 30-NDRG1) and knock-down (KYSE 30-shNDRG1) esophageal cancer cells. (B) NDRG1 interacts with β-catenin and TLE2. NDRG1 was immunoprecipitated using an anti-NDKRG1 antibody. NDRG1, β-catenin and TLE2 were detected by western blot analysis. WCL, whole cell lysis; IP, immunoprecipitation; β-actin was a loading control. (**C**) The mRNA levels of the NDRG1 and TLE2 genes following transient transfection of HEK293 cells with NDRG1 were validated by quantitative real-time PCR. (D) Relative gene expression levels of *SNAIL, TWIST1, ZEB1* and *FOXC2* were analyzed by real-time PCR in transiently transfected mock (KYSE 30-Ctrl), NDRG1 (KYSE 30-NDRG1) and NDRG1 with TLE2 KYSE 30 cells. (E) The EMT-associated genes were measured by real-time PCR following the transient transfection of HEK293 cells with NDRG1 (HEK293-NDRG1), TLE2 (HEK293-TLE2) and vector alone (HEK293-Ctrl).

Ectopic overexpression of NDRG1 promotes the tumor progression in xenograft {#s0003-0004}
---------------------------------------------------------------------------

To examine whether NDRG1 ectopic overexpression could affect tumor growth in vivo, we performed in vivo experiments via subcutaneous transplantation of transduced cells into nude mice, whereby we compared tumor growth rates induced by KYSE 30-Vec and KYSE 30-NDRG1 cells in a xenograft model. As shown in [Fig. 5A](#f0005){ref-type="fig"}, the tumor growth rate of KYSE 30-NDRG1 cells was significantly faster than that of KYSE 30-Vec cells 20 d after inoculation by subcutaneous injection. We observed that the tumor size of NDRG1-overexpressing cells was much larger than that in the control group ([Fig. 5B](#f0005){ref-type="fig"}). Immunohistochemical analysis was investigated in xenograft sections. As shown in [Fig. 5C](#f0005){ref-type="fig"}, significantly higher NDRG1 levels were observed in the xenografts derived from NDRG1-overexpressing cells, indicating that NDRG1 overexpression was maintained during these in vivo experiments. MMP1 and Ki67 were highly upregulated in NDRG1-overexpressing xenografts compared with wild type xenografts. This result suggests that higher NDRG1 levels may induce Ki67 and MMP1 levels, which promote tumor growth in vivo, and is consistent with our in vitro data, in which NDRG1 overexpression significantly increased MMP1 at the transcript and protein expression levels. Figure 5.Ectopic overexpression of NDRG1 promotes tumor growth in vivo. (A) Tumor volume was measured every 2 to 3 d after subcutaneous inoculation with 5×10^6^ cells/animal. KYSE 30 cells overexpressing NDRG1 (KYSE 30-NDRG1) enhanced the growth of the xenograft tumors compared with that of inoculations using parent cells (*P* \< 0.001). (B) Photographs of the dissected xenografts using the same magnification scale. (C) Xenograft tissue was subjected to immunohistochemical analysis for NDRG1, MMP1, Ki67, β-catenin, TLE2 and E-cadherin, Scale bar, 100 μm.

Our previous data showed that NDRG1 overexpression reduced TLE2 and affected the Wnt signaling pathway. To further investigate whether NDRG1 overexpression could impact the Wnt signaling pathway, we analyzed the expression of TLE2, β-catenin and E-cadherin. NDRG1 overexpression significantly suppressed the expression of TLE2 and E-cadherin and slightly increased the levels of β-catenin protein. Together, the data from these in vivo experiments are consistent with the results we obtained from in vitro experiments. These results indicate that increased levels of NDRG1 affect the Wnt pathway by decreasing TLE2 and slightly increasing β-catenin levels, which promotes EMT in esophageal tumor cells.

Discussion {#s0003-0005}
----------

NDRG1 is highly expressed in most epithelial cells and is associated with differentiation, the cell cycle and responses to stresses, such as hypoxia and CoCl~2~/Nickel.[@cit0006] Previous studies have revealed that NDRG1 is a tumor suppressor, and the expression of NDRG1 has often been found to be downregulated in several malignancies.[@cit0014] In fact, in esophageal cancer, NDRG1 levels appear to increase and are associated with their malignant status, indicating its usefulness as a prognostic marker.[@cit0025] Although the multiple biological functions of NDRG1 have been investigated in several types of cancer, the role of NDRG1 in ESCC remains unclear. We therefore focused on studying NDRG1 in patients with esophageal cancer. Our results demonstrate that NDRG1 was expressed in 91.9% (79/86) of the ESCC samples but only in 74.0% (57/77) of matched adjacent normal tissues. The expression of NDRG1 was significantly upregulated in ESCC tumor tissues compared with that in normal tissues. In the ESCC tumor tissue analysis, we found that patients in the NDRG1-strong expression group had significantly shorter overall median survival times than patients in the NDRG1-weak group. Our data suggest that the upregulation of NDRG1 is closely correlated with poor survival in patients with esophageal cancer, indicating that NDRG1 may contribute to the malignant progression of esophageal carcinogenesis, consistent with the overexpression that has been described in prostate cancer, cervical adenocarcinoma, breast cancer, oral and oropharyngeal squamous cell carcinoma.[@cit0007]

The multiple mechanisms through which NDRG1 is involved in signaling pathways, including the NF-κB pathway, mammalian target of rapamycin (mTOR) signaling network, extracellular signal-regulated kinase (ERK) pathway, and Wnt pathway [@cit0011] have been demonstrated in several malignancies, but little is known about its biological function in esophageal cancer. Previous results showed that NDRG1 may have an oncogenic function in the progression of ESCC, through which it enhances metastasis, angiogenesis and apoptotic evasion in both in vitro and in vivo experimental studies.[@cit0001] In the present study, we provide evidence showing that ectopic overexpression of NDRG1 induced a change from epithelial morphology in ESCC cells to a spindle-like mesenchymal morphology and induced higher expression of mesenchymal markers, including N-cadherin, Snail and MMP1. Using low-density real-time PCR arrays, we found that the 22 gene profiles we examined, which focused on genes in the angiogenesis, metastasis, adhesion, cell cycle and Wnt pathways, were both upregulated and downregulated in response to NDRG1 overexpression. The above-mentioned results indicate that NDRG1 overexpression may mediate the acquisition of metastatic potential that is associated with EMT, which eventually promotes the progression of tumor cells to malignancy in KYSE 30 cells.

The Wnt signaling pathway is widely known to be correlated with tumourigenesis.[@cit0035] Previous studies have shown that activation of the Wnt pathway can induce EMT, which allows tumor cells to metastasize.[@cit0014] In this study, using real-time PCR array analysis of the Wnt pathway, we found that Wnt pathway-associated genes, including *FZD8, TLE2, LEF1* and *WNT3A*, were greatly increased, except for *TLE2*, which was significantly decreased, after NDRG1 overexpression. Cellular fraction assays showed that the accumulation of β-catenin and NDRG1 in the nuclear fraction of KYSE 30 cells was greatly increased, indicating that NDRG1 may impact the Wnt signaling pathway through effects on *FZD8, TLE2, LEF1* and *WNT3A* gene transcription and β-catenin translocation. Previous investigations demonstrated that NDRG1 inhibited oncogenic Wnt signaling through FRAT1, PAK4, and GSK3β phosphorylation, which reduced total β-catenin levels.[@cit0041] Other reports also indicated that NDRG1 suppressed the TGF-β-induced EMT phenotype via stabilizing E-cadherin and β-catenin at the cell membrane.[@cit0037] Our present results strongly support the hypothesis that NDRG1-mediated promotion or suppression of tumor progression mainly depends on the tumor cell type and its differentiation status.[@cit0003]

In the canonical Wnt signaling pathway, a critical event is the switching of Wnt transcription factors from transcriptional repression of TLE2 to activation of TCF/Lef after β-catenin translocation and then binding to TCF/Lef, which is required to initiate the Wnt-specific transcriptional program.[@cit0034] TLE2 belongs to the Groucho/TLE family, which interacts with a variety of DNA-binding proteins.[@cit0044] TLE2 expression results in transcriptional repression of specific gene regulatory sequences, via the recruitment of Groucho. Buscarlet and colleagues demonstrated that active β-catenin binds to TCF/Lef at a site on Lef-1, where it displaces Groucho/TLE, which overlaps with the Lef-1-binding site.[@cit0034] Other reports have shown that the modification of TLE by XIAP-mediated ubiquitylation decreases its affinity with β-catenin, thereby allowing the formation of the β-catenin/TCF complex and thus the switch to an activated Wnt signaling pathway.[@cit0044] The molecular mechanism by which NDRG1 functions in ESCC remains unclear. Our experiments indicate that TLE2 is significantly decreased at both the transcript and the protein level after NDRG1 overexpression. On xenograft tissue, we validated that the expression level of TLE2 was significantly suppressed and that the level of β-catenin protein was slightly increased. These results indicate that the overexpression of NDRG1 affects the Wnt pathway by decreasing TLE2 and increasing β-catenin, which promotes EMT in esophageal tumor cells.

In conclusion, our results demonstrate the upregulation of NDRG1 in ESCC and its association with poor overall median survival. We also demonstrate a critical role for NDRG1 in inducing EMT in ESCC cells, upregulating mesenchymal markers, and activating the Wnt signaling pathway via decreased TLE2 and increased β-catenin in ESCC. These results suggest that NDRG1 mediates the regulation of TLE2 and β-catenin levels and thereby affects the Wnt pathway and promotes EMT in ESCC cells ([Fig. 6](#f0006){ref-type="fig"}). These results indicate a pivotal pro-oncogenic role for NDRG1 in ESCC through which it modulates tumor progression. Further studies of the molecular mechanisms involving NDRG1 may lead to the development of novel therapeutic targets for esophageal cancer. Figure 6.Illustration showing the mechanism by which NDRG1 mediates activation of the Wnt signaling pathway. Overexpression of NDRG1 results in decreased TLE2 expression and increased β-catenin levels, which may then switch to β-catenin/TCF complex assembly and initiation of Wnt signaling pathway activation, promoting EMT in esophageal tumor cells.
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